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ABSTRACT

Insulator-based dielectrophoresis (iDEP) is an emerging technique for particle manipulation
in microfluidic devices. Two nonlinear electrokinetic flows have been demonstrated to take place
simultaneously in iDEP: one is induced charge electroosmosis (ICEO) due to the electric
polarization of the insulator, and the other is electrothermal flow (ETF) due to the amplified Joule
heating of the fluid around the insulator. These flows vary differently with the applied electric
field, and become strong in a fluid with a low and a high electric conductivity, respectively. They
both exhibit the pattern of fluid vortices near the insulator but with opposite circulating directions.
We present in this work an experimental study of the interplay of ICEO and ETF in a constricted
microchannel under DC-biased AC voltages. We also develop a depth-averaged numerical model
to simulate the coupled electrokinetic fluid flow with the charge and energy transport. The
experimentally measured nonlinear fluid velocity agrees closely with the numerical prediction for
both a wide range of buffer concentrations and a range of AC voltages. It also matches
asymptotically the predicted velocity of ICEO in a low-concentration buffer under a small AC
voltage and that of ETF in a high-concentration buffer, both of which are consistent with a scaling
analysis. Interestingly, the nonlinear fluid velocity becomes marginal in moderate-concentration

buffers under moderate AC voltages because of the opposing effects of ICEO and ETF.
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I. INTRODUCTION

Insulator-based dielectrophoresis (iDEP) has been increasingly used to focus, trap, and sort
various types of particles (e.g., colloids, cells, viruses, molecules etc.) for microfluidic applications
[1-5]. This technique utilizes insulating structure(s), which is often made of the same material (e.g.,
polydimethylsiloxane (PDMS), polymethyl methacrylate (PMMA), and glass) as the microchannel
itself, to create electric field gradients for a nonlinear dielectrophoretic manipulation in addition
to the linear electrokinetic motion of particles [6-10]. However, the presence of insulator(s) within
the fluid has been demonstrated to generate two nonlinear electrokinetic flows that may suppress
or enhance the performance of iDEP [11]: one is induced charge electroosmosis (ICEO) that arises
from the electric polarization of the insulator because of its small but finite permittivity [see a
schematic illustration in FIG. 1(a)] [12], and the other is electrothermal flow (ETF) that results
from the action of the applied electric field on the fluid property gradients caused by the locally
amplified Joule heating effect around the insulator [see a schematic illustration in FIG. 1(b)] [13].
The velocity of ICEO varies with the second-order of electric field [14-17] while that of ETF is a
fourth-order function of electric field [18-20]. Both flows exhibit the pattern of fluid vortices near
the insulator but with opposite circulating directions [11]. They have each been fundamentally
investigated (specifically, ICEO [21-25] and ETF [26-30]) as well as being utilized for
microfluidic applications (e.g., pumping and mixing by ICEO [31-35] as well as trapping and
enrichment by ETF [36-41]) if available. A summary of the work on nonlinear electrokinetic flows
in iDEP microdevices can be referred to a recent review article [11].

However, the majority of the existing studies has been focused upon ICEO and ETF separately
despite that the two fluid flows take place simultaneously in iDEP devices [11]. Thus far, there are

only a couple of papers concerning the interplay of ICEO and ETF. Zehavi et al. [42] performed
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an experimental and numerical investigation of ICEO in buffer solutions with varying
concentrations at the sharp corner of an L-shaped PDMS microchannel in the presence of Joule
heating effects. The authors employed AC electric field to remove the influence of the linear
electroosmotic background flow and hence isolate the nonlinear ICEO ejection-flow. They
reported an increasing divergence from the standard ICEO flow with the increase of the buffer
concentration (and in turn the electric conductivity), which was demonstrated to result from the
enhanced electrothermal effect. In another work, Wang et al. [43] reported an experimental and
theoretical study on the interplay of ICEO and ETF in fluids with various ionic strengths under
AC electric fields near both a 2D (width-wise) PDMS and a 3D (both width- and depth-wise)
PMMA microchannel constriction. They observed qualitatively distinct recirculating flow patterns
in the 2D and 3D geometries. Moreover, the authors obtained approximately analytical expressions
for the ICEO and ETF velocity scales as a function of the key design parameters in iDEP
microdevices. They further demonstrated that the effects of ICEO and ETF can dominate over that

of DEP under a wide range of circumstances encountered in iDEP devices.
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FIG. 1. (a) Schematic illustrating the formation of ICEO (highlighted by the looped arrows) around
the corners of insulators in an iDEP microdevice because of the action of electric field upon the
diffuse charge induced by the leaked electric field (see the background lines) into the insulator; (b)
Schematic illustrating the formation of ETF (highlighted by the looped arrows) around the corners
because the action of electric field upon the Joule heating-induced fluid property gradients (see the
background color, the darker the higher temperature) creates an electrothermal force (see the vector
plot); (c) Schematic showing the geometry and computational domain of the constricted
microchannel used in this work.
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We present in this work an experimental study of the nonlinear fluid flow in a typical iDEP
microdevice [1-5], a 2D constricted PDMS microchannel. Considering that DC or DC-biased AC
voltages are often used in iDEP devices for both the DC electrokinetic pumping and DC/AC
dielectrophoretic manipulation of particles [6-10], we employ DC-biased AC voltages in our
experiment. To examine the interplay of ICEO and ETF, we vary the buffer concentration by
nearly three orders of magnitude. The applied AC voltage is also varied in every buffer solution to
achieve the transition from ICEO to ETF if available. Moreover, we develop a depth-averaged
numerical model to account for both the electric polarization and Joule heating effects on the
coupled electrokinetic fluid flow with the charge and energy transport. The predicted nonlinear
fluid velocity is compared with the experimental measurement as well as the predicted velocities

of ICEO and ETF, respectively. The comparison is backed up by a scaling analysis.

II. METHOD

A. Experiment
FIG. 1(c) shows a schematic representation of the iDEP microdevice that was fabricated with
PDMS using the standard soft lithography method [44]. The microchannel is 1 cm long and 400
pm wide with a 200 pum long and 40 um wide constriction in the middle. It has a uniform depth of
40 um. To visualize the fluid motion, 1 um-diameter spherical polystyrene particles (Polysciences,
Inc.) were seeded into phosphate buffer solutions with the concentration ranging from 0.01 mM to
5 mM, which were prepared by diluting the stored 100 mM phosphate buffer (75.4 mM
Na;HPO4+7H20 and 24.6 mM NaH2PO4*H20) with DI water. DC-biased AC electric voltages

were supplied by a function generator (33220A, Agilent Technologies) in conjunction with a high-
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voltage amplifier (609E-6, Trek). The DC voltage was fixed at 20 V while the AC voltage of 1
kHz was varied in the test of each buffer solution. Images were captured with an inverted
microscope (Nikon Eclipse TE2000U, Nikon Instruments) through a CCD camera (Nikon DS-
QilMc), and post-processed in the Nikon imaging software (NIS-Elements AR 3.22). [The particle
velocity was obtained from the image series by tracking the motion of individual particles with
time, and was averaged over at least three particles for each tested case.

The electric conductivity of the prepared buffer solutions was measured using a conductivity
meter (Fisher Scientific). The average equilibrium zeta potential of the PDMS/glass walls in
contact with each buffer solution was measured using the standard electric current monitoring
method in a straight uniform microchannel [45]. Also measured in the same microchannel is the
electrokinetic particle mobility via single particle tracking. Combining these two sets of data gives
the particle zeta potentials in buffer solutions of varying concentrations. The obtained dependences
of the room-temperature fluid conductivity, o, (uS/cm), wall zeta potential, {,, (mV), and particle

zeta potential, ¢, (mV), on the buffer concentration, ¢ (mM), are given by,

0o = 200c )
¢ = —40 + 30log(c) 2
{p = —60 + 9log(c) 3

It is important to note that the electrokinetic particle mobility switches from along the DC electric
field (defined as the positive direction for both the fluid and particle velocities hereon) to against
it (defined as the negative direction) at the buffer concentration of around 0.1 mM. The trend of
our measured zeta potentials with respect to the buffer concentration is found consistent with the

reported data in the literature [46,47]. Other fluid properties such as permittivity, viscosity and
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thermal conductivity are assumed independent of the buffer concentration and equal to the values

of water.

B. Model
The simulation of ICEO and ETF in iDEP microdevices involves the consideration of fluid,
electric charge and energy transport, where the latter two take place in both the fluid and solid (i.e.,
the PDMS walls) domains. The depth-averaged governing equations for these transport
phenomena in the horizontal plane of the microchip (see FIG. 1(c) for the computational domain)
are summarized below, where the detailed process for the associated asymptotic analysis [48,49]
can be referred to our recent papers [25,30,50]. The electric field is solved in both the fluid and
the PDMS walls [20,48,51],
Vy-(0E;) =0 4)
Vi (ewEyw) =0 ()
where V,; denotes the vector differential operator in the horizontal plane of the microchip, o isthe
electrical conductivity of the fluid, E is the electric field in the fluid, ¢, is the permittivity of the

wall, and E,, is the electric field in the wall. At the fluid-wall interface, the Robin type boundary

condition is used to consider the electric potential jump from the fluid to the wall [52-54],

¢w_¢f:Zw+(i (6)
G =27 E, n (7)
1= L (8)

where ¢, and ¢, are, respectively, the electric potentials in the wall and fluid with the definitions

of Ef = —V¢, and E,, = —V¢,,, {,, is the equilibrium zeta potential of the wall, ; is the wall
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polarization-induced zeta potential, A is the Debye length, & is the permittivity of the fluid, n is
the unit normal vector of the wall, R is the universal gas constant, T is the fluid temperature, z is
the ionic valence (assumed unity here), F is the Faraday constant, and c is the fluid ionic
concentration. Other boundary conditions for the electric field equations include the electric
insulation at the wall outer edge and the voltage on each electrode surface [see FIG. 1(c)].

The flow field is governed by the Navier-Stokes equations [25,30,50],

pr |5+ - Vidu| = =Vyp + V- (V) + (£e) — 22 (0 — ugp) (9)
(fe) = [Vu - (eEp)|Ey — SEFVyey (10)
Vy-u=0 (11)

where p¢ is fluid density, u is the fluid velocity, t is the time, p is the hydrodynamic pressure, n
is the fluid viscosity, (f.) is the electrothermal force consisting of the Coulomb and dielectric
components [20,55], d is the half-depth of the microchannel, and ug, = — &¢{, Ef pc /7 is the
average electroosmotic slip velocity on the top and bottom walls of the microchannel with E ¢
being the component of DC electric field. Note that the last term on the right hand side of the flow
equation accounts for the influence of the top and bottom walls on the depth-averaged flow field.
Under the thin EDL limit (as compared to the channel dimensions) [56,57], we apply a slip
condition, u - t = — &¢({; + ¢\, )Ef pc - t/n, at the fluid-wall interface and a non-slip condition on
each electrode surface [see FIG. 1(c)].

The temperature field is governed by the energy equation in the fluid and walls, respectively

[30,41,42,58],
aT T—-T, 1 1
prCo, (5 +u- vHT) = Vi - (kfVyT) + oE} — — (Rmp + Rbot) (12)
oT T—-T, 1 1
pPDMSCPPDMSE = Vy - (kppmsVT) — 2d0 (Rtop + Rbot) (13)
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where p, C, and k are the mass density, heat capacity, and thermal conductivity of the fluid (with
the subscript f) or walls (with the subscript PDMS), respectively, T, is the room temperature, and
Rtop = tepms/kppus + 1/h and Rpor = tgiass/kgiass are the equivalent thermal resistances of
the top and bottom channel walls per unit area with tpp s (t41455) beING the thickness of the top
PDMS (bottom glass) wall and h the natural convection coefficient [42]. Note that the Joule
heating term, aEf, is only present in the energy equation for the fluid domain because of the
assumed zero electric conductivity of the walls [58,59]. The last term on the right-hand side
accounts for the heat dissipation from the top and bottom channel walls [42]. An isothermal
condition at T, is imposed upon the electrode surface and the outer edge of the walls is exposed to
a natural convection with the coefficient, h.

The above depth-averaged equations are coupled through temperature dependent fluid

properties [59,60],

& = ng[l + a(T - TO)] (14)
o =o0o[1+ (T —T,)] (15)
N = 2671 X 1076 exp(—-) (16)

where &5, and g, are the fluid permittivity and electric conductivity at the room temperature with

a and S being their respective temperature coefficients. These equations were solved at steady
state in the horizontal plane of the iDEP microchip [see FIG. 1(c)] using COMSOL® Multiphysics
5.5. Note that the temperature dependences of the boundary conditions (e.g., the Debye length in
EQ. (8) and electroosmotic slip velocity) were also included in the model. Following the treatment
in our earlier papers [28-30,38,41], we neglected the temperature dependence of all other
properties in the model. The streaklines of tracing particles were simulated using the particle

velocity,
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where ugp = &0, Ef pc /7 is the electrophoretic particle velocity and upgp =

up = u+uEp +uDEp

(17)

2
_ Efa Up—O' 2 -

fIS

3n opt2o

the dielectrophoretic particle velocity with ¢,,, a and g, being the particle’s zeta potential, radius

and electric conductivity, respectively. Table 1 summarizes the material properties used in the

model unless otherwise stated elsewhere.

Table 1. Summary of the parameters and material properties in the simulation.

Symbol Value Unit Description
pr 1000 Kg/m? Fluid mass density
k¢ 0.61 W/(m K) Fluid thermal conductivity
Cps 4.18 kJ/(kg K) Fluid heat capacity
B 0.02 1K Temperature coefficient of fluid electric conductivity
&fo 7.10x107%° F/m Fluid permittivity at room temperature
a -0.0046 1/K Temperature coefficient of fluid permittivity
PpPDMS 970 Kg/m® PDMS mass density
kppums 0.61 W/(m K) PDMs thermal conductivity
P ppMs 1.46 kd/(kg K) PDMs heat capacity
tpoms 3 mm PDMS slab thickness
kppms 0.15 W/(m K) PDMS thermal conductivity
Ew 3.54x107 F/m PDMS permittivity
tgiass 1 Mm Glass slide thickness
kgiass 1.38 W/(m K) Glass thermal conductivity
d 20 pm Half-depth of the microchannel
To 293.15 K Room temperature
h 10 W/(m? K) Natural convection heat transfer coefficient
Op 40 puS/cm Electric conductivity of tracing particles
a 0.5 Mm Radius of tracing particles

C. Scaling analysis

Referring to the induced zeta potential, {;, in Eq. (7), and the Debye length, 4, in Eq. (8) we

may estimate the speed of ICEO as,

&r
Uiceo =

{i _ Ew E%
- Ef = ATEfEW~‘SW\/‘S—fﬁ

(18)

10
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which is a quadratic function of the applied electric field and gets stronger with the decrease of the
fluid ionic concentration. In contrast, the electrothermal force, (f.) in Eqg. (10), for small fluid

temperature rises is simplified to [18],

<fe> = %[(h — V_o) . Ef] ngf — iEfZVef (19)

e o
Further considering Ver = &r0aVT = &aVT and Vo = g,fVT = ofVT for small fluid
temperature rises, we can rewrite the last equation as,
(fe) ~ > (@ — B)(VT - E;)Ey — - &/EfaVT (20)
Thus, the speed of ETF may be estimated to scale as follows considering VT~0VE}? [18],
Ugr~&r0Ef ~gpcEf (21)
which is a quartic function of the applied electric field and gets stronger with increase of the fluid

ionic concentration. The speed ratio between these two nonlinear electrokinetic flows is given by,

~ —_—

Uer _¥r 3/2p2
Uiceo  &w ¢ Ef (22)

which indicates the increasing dominance of ETF over ICEO in iDEP microdevices with the

increase of fluid ionic concentration and/or electric field. This ratio also highlights the influences

of the fluid and wall permittivity.

III. RESULTS AND DISCUSSION
A. Experimental images
FIG. 2 shows the superimposed images of tracing particles in the constriction region of the
microchannel in buffer solutions of varying concentrations under varying AC voltages. The DC
voltage is fixed at 20 V. A smaller maximum AC voltage is used in the buffer solution with a

higher concentration in order to keep the Joule heating effect from being intensive enough to

11
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damage the microchannel. In the low range of buffer concentrations from 0.01 mM to 0.1 mM,
ICEOQ is observed under 300 V AC with the formation of stable fluid circulations near the opening
of the constriction. With the increase of the AC voltage, these circulations first get stronger because
of the quadratic dependence of ICEO on the electric field, leading to a local trapping and depletion
of particles in the upstream and downstream zones of the constriction, respectively. They then start
moving away from the opening towards the salient corners of the constriction and hence become
weakened. This change is also accompanied by the reversed particle motion inside the constriction
from along with the DC electric field to against it. Both phenomena are supposed to result from
the development of ETF, whose velocity goes against that of ICEO and varies with the electric

field at a higher-order dependence than the same. We will revisit this aspect later.

12
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FIG. 2. Experimental images of tracing particles in a constricted microchannel in buffer solutions
of different concentrations under different AC voltages. The DC voltage was fixed at 20 V and
applied downwards. The arrow on each image indicates the particle moving direction inside the
constriction, which switches from along the DC electric field (top to bottom) to against it with the
increase of buffer concentration or AC voltage. The looped arrows on the top-left image highlight
the fluid circulations of ICEO while those on both the top-right and bottom-left images highlight
the fluid circulations of ETF.

In the middle range of buffer concentrations including 0.25 mM and 0.5 mM, no apparent

ICEO or ETF is observed under small AC voltages in FIG. 2. This should be due to the fact that

13



10

11

12

13

14

15

16

17

18

19

20

21

22

23

the decreased EDL thickness reduces the polarization-induced zeta potential while the increased
fluid conductivity is still insufficient to draw significant Joule heating effects. Increasing the AC
voltage boosts the ICEO, which is, however, suppressed and pushed towards the salient corners of
the constriction by the much more quickly enhanced ETF. Therefore, there exists a relatively wide
AC voltage span (which is from 0 to 600 V in 0.25 mM buffer) in the middle range of buffer
concentrations, where no significant disturbances to the linear electroosmotic flow take place. For
high buffer concentrations including 1 mM and 5 mM, ETF starts to form at the downstream size
of the constriction and alters the local fluid motion even under low AC voltages (for example, 300
V in 5 mM buffer) because of the enhanced Joule heating effects in more conductive solutions.
Increasing the AC voltage quickly strengthens the fluid circulations of ETF, leading to the
electrothermal trapping of particles that has been recently demonstrated by our group [38,41]. In
contrast, ICEO becomes insignificant and is not viewed in either 1 mM or 5 mM solution in FIG.
2. As noted above in the Experiment section, the tracing particles travel against the applied DC
electric field in both the middle and high ranges of buffer concentrations because the particle zeta
potential becomes greater than the wall zeta potential. In other words, the fluid circulations of
ICEO and ETF trap particles in the upstream and downstream zones of the constriction,
respectively, which are consistent with our earlier observations for each of the nonlinear

electrokinetic fluid flows [35,38,41].

B. Effect of buffer concentration
FIG. 3 compares the experimentally and numerically obtained streaklines of tracing particles
in buffer solutions of different concentrations under a fixed 20 VV DC-biased 500 V AC voltage.

The model predicts the formation of ICEO in 0.01 mM buffer at both the entrance and exit of the
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constriction, whose strengths and patterns are, however, dissimilar because of the impact of the
linear DC electroosmotic flow. The stronger fluid circulations of the upstream ICEO are observed
in our experiment to trap and enrich the particles at the entrance of the constriction. Such trapping
capability decreases with the increase of buffer concentration to 0.05 mM, where ICEO is
weakened at both ends of the constriction because the reduced EDL thickness produces a smaller
induced zeta potential, ;. ICEO gets even weaker in 0.25 mM buffer and fails to trap particles
because of the continuously decreasing ; with the increase of the buffer concentration as shown
in FIG. 4(a). Moreover, the fluid circulations on the downstream side (with respect to the particle
moving direction) are predicted to move away from the opening toward the salient corners of the

constriction, which visually matches the experimental observation in FIG. 3.

0.01 mM 0.05 mM mM 1 mM
fi Wyl i ‘.\\.' f R LR TR

]
//' '._” S L

0 0.2 0.4 ' 0.6 0.8 1.0 mm/s

FIG. 3. Comparison of the experimentally (upper row) and numerically (lower row, the
background color shows the magnitude of the particle velocity, the darker the larger) obtained
particle streaklines in buffer solutions of different concentrations under a fixed 20 V DC-biased
500 V AC voltage. The arrow on each image indicates the particle moving direction inside the
constriction, which switches from along the DC electric field (top to bottom) to against it with the
increase of the buffer concentration because of the accompanying changes in the particle and wall
zeta potentials. The looped arrows on the left-most and right-most images highlight the fluid
circulations of ICEO and ETF, respectively.
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Increasing the buffer concentration from 0.25 mM to 1 mM causes the development of ETF
near each end of the constriction because the enhanced Joule heating is predicted to increase the
maximum fluid temperature in the middle of the constriction from 22.8 °C to 30.5 °C [as compared
to the 20 °C room temperature, see FIG. 4(a)]. This is also reflected by the observed greater rise
in electric current with time (data not shown) due to the positive temperature dependence of the
fluid conductivity [59,60]. Meanwhile, ICEO becomes insignificant and undistinguishable from
the ETF-induced secondary fluid circulations in the salient corners of the constriction. The ETF
circulates in a direction opposite to that of ICEO in the lower-concentration buffers. This may
explain why the electrothermal trapping of particles is observed in our experiment (FIG. 3) to take
place near the downstream opening (with respect to the particle moving direction) of the
constriction while the ICEO-based particle trapping occurs upstream [note that the upstream and

downstream sides swap because the electrokinetic particle motion reverses when the buffer

concentration goes above 0.1 mM; see Egs. (2) and (3)]. Note that our current model'is unable ta
simulate the local particle trapping in ICEO or ETF, which can be implemented by solving the
convection-diffusion equation to obtain the particle concentration field [38,41]. ETF gets much

stronger in 5 mM buffer solution because of the significantly increased Joule heating effects

[where the maximum fluid temperature becomes greater than 60 °C; see FIG. 4(a)], leading to an

enhanced electrothermal trapping of particles as illustrated in FIG. 3. Flowever, We notice
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FIG. 4. Effect of buffer concentration on nonlinear electrokinetic flows in a constricted
microchannel under a fixed 20 V DC-biased 500 V AC voltage: (a) Numerically predicted
maximum induced zeta potential, ¢; (which occurs at approximately the starting point of the arc
corner of the constriction entrance) and maximum fluid temperature, T (which occurs in the middle
of the constriction); (b) Comparison of the experimentally (symbols) and numerically (solid line)
obtained nonlinear fluid velocities (excluding the linear DC electroosmotic flow) along with the
numerically predicted velocities of ICEO (with a negative velocity, dashed line) and ETF (with a
positive velocity, dotted line) alone. The positive velocity is defined as that along the DC electric
field.

FIG. 4(b) compares the experimentally and numerically obtained nonlinear fluid velocities
along the centerline of the constricted microchannel with a 35 um distance from the constriction
opening. The experimental data were determined by subtracting the DC electrokinetic particle
velocity from the measured particle velocity in each buffer solution in FIG. 3, where the former
was obtained through multiplying the experimentally measured electrokinetic particle mobility by
the numerically computed local DC electric field. The contribution of DEP to the particle velocity
was neglected because the selected point is sufficiently distant from the region with strong electric
field gradients. The numerical fluid velocity was set equal to u in Eq. (9) excluding the DC
electroosmotic component that was obtained from ug, at the local DC electric field. Overall the
variation of the experimental fluid velocity with the buffer concentration agrees well with the curve
of the numerical values in FIG. 4(b). Specifically, the nonlinear fluid velocity in low-concentration

buffers matches asymptotically the numerically predicted velocity of ICEO alone (i.e., in the
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absence of Joule heating effects). In contrast, the nonlinear fluid velocity in high-concentration
buffers matches asymptotically the numerically predicted velocity of ETF alone (i.e., in the
absence of induced charge effects). These findings are consistent with the prediction of Eq. (22)
from the scaling analysis. The nonlinear fluid velocity becomes marginal in moderate-
concentration buffers (including 0.25 mM and 0.5 mM) because ICEO and ETF have opposing

circulations and hence cancel the impact of each other.

C. Effect of AC electric field

FIG. 5 compares the experimentally and numerically obtained particle streaklines in 0.1 mM
buffer under the application of 20 VV DC and different AC voltages. As predicted by the model, a
pair of small fluid circulations of ICEO is observed experimentally at the entrance of the
constriction under 300 V AC, which is capable of trapping the suspended particles upstream. No
fluid circulations are predicted to form on the downstream side of the constriction because of the
disturbance from the DC electroosmotic flow. With the increase of AC voltage to 500 V, ICEO
becomes much stronger on the upstream side because of the increased value of ¢; in FIG. 6(a). It
is predicted to also form on the downstream side of the constriction as the enhanced fluid
circulations dominate over the fixed DC electroosmotic flow. ICEO continues growing under 700
V AC because of the increase of ¢; with electric field in FIG. 6(a). Its fluid circulations, however,
move away from the opening of the constriction and get weakened on either side, leading to the
partial loss of particle trapping capability. Moreover, the particle traveling direction reverses inside
the constriction. These phenomena result from the onset of ETF near the reentrant corners of the
constriction because of the elevated local fluid temperature [22.2 °C as compared to the 20 °C

room temperature in FIG. 6(a)]. As the AC voltage increases to 800 V, only weak fluid circulations

18
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of ICEO are observed downstream near the salient corners of the constriction. This pattern is
visually similar to the experimental image for 0.25 mM buffer under 500 V AC in FIG. 3. Further
increasing the AC voltage to 1000 V enhances the ETF whose fluid circulations are, however, still
unable to trap particles because it is not strong enough (the maximum fluid temperature rise is less

than 5 °C) and is counteracted by the ICEO.

™

nr

0.8 1.0 mm/s
FIG. 5. Comparison of the experimentally (upper row) and numerically (lower row, the
background color shows the magnitude of the particle velocity, the darker the larger) obtained
particle streaklines in 0.1 mM buffer solution under different AC voltages. The DC voltage is
fixed at 20 V. The arrow on each image indicates the particle moving direction inside the
constriction, which switches from along the DC electric field (top to bottom) to against it with the
increase of AC voltage because of the development of ETF. The looped arrows on the left-most
and right-most images highlight the fluid circulations of ICEO and ETF, respectively.

FIG. 6(b) compares the experimentally and numerically determined nonlinear fluid velocities
along the channel centerline that were obtained using the same approach as that described above
for the effect of buffer concentration. The measured fluid velocity agrees closely with the predicted

value in the whole range of AC voltages. It becomes nearly equal to the predicted velocity of ICEO

alone for small AC voltages (specifically, less than 500 V) because the ETF is marginal. Such an
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asymptotic matching is consistent with that in low-concentration buffer solutions in FIG. 4(b),
where Joule heating effects also stay weak. The measured fluid velocity does not change
significantly when the AC voltage increases from 500 V to 700 V though the velocity magnitudes
of ICEO and ETF both exhibit a high-order dependence on electric field. This is attributed to the
competitive nature of the two nonlinear flows in the constriction region, which nearly cancel each
other under 800 V AC leading to a marginal fluid velocity along the channel centerline. Such a
state is analogous to that observed in moderate-concentration buffer solutions under 500 V AC in
FIG. 4(b). For even higher AC voltages, the fluid velocity exhibits a similar trend with the AC
voltage to that of the ETF alone but at a smaller magnitude. This indicates the dominance of ETF

over the opposing ICEO because of the former flow’s quicker increase with the electric field.

a b
()—5_ T 25 ()500_
: @ [ ETF.
— € 300 +
S o 3 i
E s o2 [
\F ~ 8100 ¢
3 g2 o
= 2100 §
] o [
0 . . ——— 20 800 ey
300 500 700 900 300 500 700 900
AC voltage (V) AC voltage (V)

FIG. 6. Effect of the AC voltage on the nonlinear electrokinetic flow of 0.1 mM buffer in a
constricted microchannel under a fixed 20 V DC: (a) Numerically predicted maximum induced
zeta potential, ¢; and maximum fluid temperature, T'; (b) Comparison of the experimentally
(symbols) and numerically (solid line) obtained nonlinear fluid velocities (excluding the linear DC
electroosmotic flow) along with the numerically predicted velocities of ICEO (with a negative
velocity, dashed line) and ETF (with a positive velocity, dotted line) alone. The positive velocity
is defined as that along the DC electric field.

IV. CONCLUSIONS
We have performed an experimental, numerical and theoretical analysis of the nonlinear fluid

flow in a typical iDEP microdevice under DC-biased AC voltages. The observed flow pattern
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transits from ICEO to ETF as the buffer concentration and/or the AC voltage is increased. This
trend is consistent with a scaling analysis, and also properly simulated by the depth-averaged
numerical model that considers both the electric polarization and Joule heating effects. Moreover,
the experimentally obtained nonlinear fluid velocity agrees quantitatively with the numerical
prediction in terms of buffer concentration and AC voltage dependence. We have also used the
depth-averaged numerical model to isolate the two nonlinear electrokinetic effects, where the
predicted velocities of ICEO and ETF match asymptotically the nonlinear fluid velocities in the
low- and high-concentration buffers, respectively. Our results indicate that because of their
opposing effects, the combination of the nonlinear ICEO and ETF has a minimal influence on the
nonlinear iDEP of particles in moderate-concentration buffers under moderate AC voltages. This
range of working parameters may be considered for a more accurate control of particles in iDEP
microdevices. However, we admit that the proposed depth-averaged model is still inconvenient for
other iDEP researchers to evaluate the impact of nonlinear electrokinetic flows on particle
manipulation because their particle-device systems may be significantly different from ours in this
work. We are currently building upon the proposed scaling analysis with the goal to define
dimensionless numbers for estimating the relative magnitude of linear DC electrokinetic motion,
nonlinear DC/AC electrokinetic flow, and nonlinear DC/AC DEP for particles of varying

properties in iDEP devices.
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